As cardiac hypertrophy develops, total cardiac RNA and protein synthesis increase significantly. We have identified specific messenger RNAs that change in predominance with the induction of pressure-overload-stimulated cardiac hypertrophy. Total cardiac RNA was isolated from rats either undergoing cardiac hypertrophy secondary to subdiaphragmatic aortic constriction or subjected to sham surgery. The products translated in vitro were separated by two-dimensional gel dectrophoresis and quantitated. The translation of four proteins decreased while the translation of four others increased in preparations from hypertrophied hearts compared with those from sham-treated rats. Two isoforms of creatine kinase M were translated in vitro. Only one of these isoforms decreased with cardiac hypertrophy, suggesting that the transcriptiona! or translational control for creatine kinase is much more complex than previously believed. Finally, since only eight of over 700 different translation products changed in relative predominance with cardiac hypertrophy, we condude that the accumulation of existing RNA and protein products is the primary adaptive process responsible for cardiac hypertrophy. (Circulation Research 1988;63:448-456) C ardiac hypertrophy is an adaptive response whereby the heart increases its mass through both myocyte enlargement and endothelial cell and fibroblast hypertrophy and hyperplasia.' This process of rapid cell growth after acute mechanical stress results in an increase in the number of sarcomeres and an increase in the efficiency of contraction. A number of different mechanisms are responsible for this adaptation.
As cardiac hypertrophy develops, total cardiac RNA and protein synthesis increase significantly. We have identified specific messenger RNAs that change in predominance with the induction of pressure-overload-stimulated cardiac hypertrophy. Total cardiac RNA was isolated from rats either undergoing cardiac hypertrophy secondary to subdiaphragmatic aortic constriction or subjected to sham surgery. The products translated in vitro were separated by two-dimensional gel dectrophoresis and quantitated. The translation of four proteins decreased while the translation of four others increased in preparations from hypertrophied hearts compared with those from sham-treated rats. Two isoforms of creatine kinase M were translated in vitro. Only one of these isoforms decreased with cardiac hypertrophy, suggesting that the transcriptiona! or translational control for creatine kinase is much more complex than previously believed. Finally, since only eight of over 700 different translation products changed in relative predominance with cardiac hypertrophy, we condude that the accumulation of existing RNA and protein products is the primary adaptive process responsible for cardiac hypertrophy. (Circulation Research 1988;63:448-456) C ardiac hypertrophy is an adaptive response whereby the heart increases its mass through both myocyte enlargement and endothelial cell and fibroblast hypertrophy and hyperplasia.' This process of rapid cell growth after acute mechanical stress results in an increase in the number of sarcomeres and an increase in the efficiency of contraction. A number of different mechanisms are responsible for this adaptation.
One of the earliest biochemical events during the development of cardiac hypertrophy is an increase in the synthesis of RNA. 2 -4 Enhanced RNA polymerase activity occurs as early as 1 hour after acute pressure overload. 3 -6 RNA concentration and content increase in parallel and peak after 4 days of aortic stenosis. 7 Inhibition of RNA synthesis by actinomycin D prevents the development of hypertrophy 8 and any interference with this adaptive response of RNA and protein synthesis ultimately leads to cardiac failure. 9 Since changes in active populations of messenger RNAs (mRNAs) should be reflected in changes in protein synthesis, we hypothesized that the differential expression of specific RNAs may play an important role in the adaptation of the heart-to-pressure overload. We have used two-dimensional gel electrophoresis of in vitro translation products (TPs) to identify these mRNAs.
We compared the population of polypeptides from aortic-constricted rats with that in control rats and found over 700 different translation products distinguishable in the fluorograms. Four TPs increased and four decreased in expression after 8 days of aortic stenosis. Two in vitro TPs of creatine kinase (CK) M have been identified, one of which corresponds to a cardiac hypertrophy-responsive TP. These isoforms have been described previously, 10 but have not been shown to be differentially expressed. Finally, the overall pattern of TPs synthesized does not change substantially in hypertrophied versus control rat hearts.
Materials and Methods

Animals
Male Sprague-Dawley rats weighing 230 ±30 g were obtained from Charles River Laboratories (Wilmington, Massachusetts) and housed in the University of California, San Diego, Medical Center Animal Facility. Food and water were provided ad libitum.
Aortic Stenosis
Aortic stenosis was induced using a modification of the techniques described by Nair et al. 5 The rats were anesthetized with 5 mg/kg pentobarbital. A midline laparotomy was performed, and the abdominal aorta was isolated at the level of the celiac artery. For acute pressure overload, the aorta was constricted with a standard stainless steel hemoclip (Edward Week and Co., Research Triangle Park, North Carolina) resulting in an average internal diameter of approximately 0.30 mm. The control rats were submitted to an identical surgical procedure but the aortic constriction was omitted. A mattress closure was performed, and the rats were allowed to regain consciousness before returning to the animal facility. The rats were killed 8 days after the surgery. Animals that had their abdominal aorta constricted will be referred to as AS rats while the control group will be referred to as sham rats.
RNA and Protein Isolation
Total cardiac RNA was isolated using a modification of the methods of Shields and Blobel, 11 which has been described previously. 12 RNA aliquots were stored at -80° C until translated. Total ventricular protein was isolated as previously described 13 and stored at -80° C. Protein homogenates suspended in sample buffer were added directly to the isoelectric focusing gels. Protein concentrations were determined by the Bradford assay.
In Vitro Translation
Total cardiac RNA was translated using a modified rabbit reticulocyte lysate system 14 supplemented with [ 35 S]-methionine (800-1,400 Ci/mmol) as previously described. 12 Maximum incorporation of radiolabel into acid-insoluble proteins was normally achieved by the addition of 1.0 yug of total RNA to a 10 fA translation cocktail. After translation at 30° C for 75 minutes, the reaction was stopped by the addition of 1.0 ng of RNase A and 20 /ig of cold methionine. After a 10-minute incubation at room temperature, 5 /J of a 200 mM DLditheothreitol (DTT), 4% 3-([3-cholamidopropyl]-dimethylammonioH-propanesulfonate (CHAPS), 13 and 8% ampholyte 5 to 8 cocktail were added to each reaction tube and mixed. Solid urea was then added to a final concentration of 8.5 M. After determination of [ 35 S]-methionine incorporation into the translation products 16 the mix was frozen and stored at -80° C.
Two-Dimensional Gel Electrophoresis 1217
All solutions in preparing the polyacrylamide gels were made with high performance liquid chromatography (HPLC)-grade H 2 O. Samples were applied to the focusing gels, run at a constant voltage of 800 V for 5 hours and then equilibrated for 6-8 minutes in a solution containing 4% sodium dodecyl sulfate (SDS), 0. 1% bromophenol blue, 19.5% sucrose, and 0.125 M Tris/HCl, pH 6.8 before being applied to the polyacrylamide slab gel. Slab gels were run at 15 mA/gel for 5-7 hours, fixed, and prepared for fluorography. The major contractile proteins, myosin heavy chain (MHC), actin (A), tropomyosin (Tm), light chain 1 (LCI), and light chain 2 (LC2), were used as internal standards for molecular weight. The isoelectric focusing point of the translation products was determined either directly by measuring the pH in isoelectric focusing gels before transferring to the second dimension or indirectly by measuring the pH in gels run in parallel with those gels transferred to the second dimension.
Fluorogram quantitation of the in vitro translation products was done using a computerized photodiode scanning device. 18 Three nonresponding (control) TPs, TP44 (M r 43,500, pi 5.62), TP37 (M r 36,700, pi 5.85), and TP23 (M r 23,400, pi 7.13), were used to calculate the corrected values for the integrated density. Significance was determined using Student's group t test.
Western Blot Analysis
After separation by two-dimensional gel electrophoresis, proteins were transferred to nitrocellulose sheets by the methods of Towbin et al, 19 blocked with phosphate gelatin Tween buffer (0.02 M phosphate-buffered saline [PBS], 0.3% gelatin, and 0.05% monolaurate [Tween 20]), and incubated with goat antiserum to human CK-MM and CK-BB isoenzymes (Pel-Freez Biologicals, Rogers, Arkansas). Primary antisera were conjugated to rabbit anti-goat antisera (Vector Laboratories) followed by incubation with protein A-Peroxidase (Zymed Laboratories, South San Francisco, California). Immunoperoxidase staining was achieved by the addition of 0.5 mg of 4-chloro-l-naphthol per ml of phosphate gelatin Tween buffer, ice-cold methanol, and H 2 O 2 in a ratio of 100:20:1, respectively.
Protein Staining
Coomassie Brilliant Blue staining was by standard techniques. Total cardiac proteins run on two-dimensional gels were silver-stained according to the methods of Morrissey, 20 and nitrocellulose membranes, after Western blot analysis, were stained with amido black for 1 minute followed by extensive washing with deionized H 2 O.
Results
A rapid increase is seen in both the heart weight and heart weight-to-body weight (HW/BW) ratio of rats undergoing cardiac hypertrophy secondary to aortic stenosis (Table 1) . Heart weights and body weights were determined at the time of death, and only those animals that showed a significant increase in heart mass were used for the cardiac hypertrophy model (AS rats). Animals that were sham-operated or exhibited no increase in heart mass based on a standard curve of heart weight and body weight were used as controls (sham rats). The heart weight of AS rats increased 33% on average relative to controls. The increase in heart weight appears to be dependent upon the degree of constriction and the size of the abdominal aorta. No significant change in body weight was seen in AS rats versus controls; however, after surgery a transient decrease in the rate of growth was seen in AS rats. The HW/BW ratio increased by 37% in AS rats relative to sham rats. The close correlation between the percent increase in heart weight and HW/BW ratio and the tight standard deviations indicate that the surgery does not overtly lead to a large weight fluctuation in the experimental groups. We therefore feel our experimental model is an appropriate model for the study of pressure overload-induced cardiac hypertrophy. With the increase in heart weight a concomitant increase in RNA concentration is also seen ( Table 1 ). On average, RNA concentration increases by 64% in AS rats relative to controls.
Representative fluorograms of [ 33 S] methioninelabeled TPs separated by two-dimensional gel electrophoresis are shown in Figure 1 , a composite of which is shown in Figure 2 . Over 700 translation products are consistently observed in fluorograms obtained from the in vitro translation of the 12 different RNA preparations used in this study (six sham and six AS rats). After visual inspection, 18 TPs appeared to have an altered expression with hypertrophy and were quantitated. We were only able to demonstrate a significant change in eight of these products (Figure 2 ). Four TPs increased in predominance while four others decreased and were tentatively named on the basis of molecular weight ( Table 2) . For visual comparison, these eight products are shown in Figure 3 . The TPs shown in this composite figure were consistently altered after translation in all six RNAs prepared from AS rats relative to sham rats except for TP22 and TP23. These two products, which increase in predominance, are distinctly visible in only five of the six fluorograms obtained from RNAs prepared from hypertrophied myocardium. This increase is, however, both reproducible and significant, and must represent either rare TPs or proteins that are not readily detectable at the 8-day time point. TP18 and TP28 increased 12 x and 3.8 x , respectively, with cardiac hypertrophy and were increased in all of the hypertrophied hearts tested ( Table 2 ). Because TP18 increases so dramatically above quantitated control levels, we feel that it may represent the product of an mRNA with an essential role in either the development or maintenance of cardiac hypertrophy. Synthesis of TP27, TP39, TP41 b , and TP75 all decrease with hypertrophy. TP27 appears to decrease in parallel with the increased expression of TP28. The ratios obtained for TP27 and TP28 were 0.063 ± 0.024 and 0.064 ± 0.025 in hypertrophied myocardium ( Table 2 ). We suspect that these two TPs may represent alternate products directed by the same RNA but have no direct proof for this hypothesis. Both TP39 and TP75 decrease significantly with cardiac hypertrophy. Additional experiments have shown that these TPs are also altered in expression during changes in the level of thyroid hormone (data not shown). Finally, TP41 b decreases The translationaJ products (TPs) are named on basis of molecular weight (M,). Values are mean±SD with n = 6 for each. The corrected values for integrated densities (IDs) represent ratios of IDs of identified TP to that of a nonresponding (control) TP. Only those ratios that were significant using three different control TPs are given. The corrected values shown were quantitated using the nonresponding TP23 (M r 23400, pi 7.13).
pi, pH value for the isoelectric point; AS, aortic stenosis. (Figures 4B and 5 ). Eight days after aortic stenosis no apparent quantitative change is seen in this isoform. As can be seen in Figure 4 , only one isoform of CK-B is present in either the in vitro translation products or total cardiac homogenates of Sprague-Dawley rats. We were unable to demonstrate a quantitative difference between the in vitro translation product for CK-B of sham versus AS rats.
Finally, comparisons of the silver-stained cardiac proteins ( Figure 5 ) and the in vitro translation products (Figure 1) show that less than 30% of the two products comigrate. Of those TPs that have an altered expression with cardiac hypertrophy, only the creatine kinase isoforms comigrate exactly with a mature cardiac protein. TP39 and TP27 appear to have a protein counterpart but have a slightly altered pattern of migration. The other five hypertrophy-responsive translation products do not comigrate with a mature cardiac protein.
Discussion
The heart responds to a pressure overload primarily through myocyte enlargement and microvas-cular and interstitial cell hyperplasia. 1 To account for this cardiac growth, protein synthesis in the heart must effectively increase. An increase in RNA transcription, 25621 -23 in nuclear transport, 24 in the proportion of actively translating heart ribosomes, 23 in RNA translation, 26 and a decrease in the apparent rate of protein degradation 27 have been demonstrated previously. These findings support the fact that cardiac cells have an enhanced capability for protein synthesis after a pressure overload. We hypothesized that the altered expression of specific mRNAs contribute to this increase in protein synthesis. Therefore, it was our intent to identify specific translation products that change in either predominance or isoform expression with the induction of pressure overload-stimulated cardiac hypertrophy. We chose to identify these changes in RNA expression through the use of two-dimensional gel electrophoresis.
While this method separates proteins on the basis of both Mr and pi, detection of specific mRNA changes is limited to only very abundant RNA species that contain methionine codons or to moderately abundant RNA species that incorporate [ 33 S] methionine efficiently in the reticulocyte lysate system. Thus, the technique is relatively insensitive but is very useful in analyzing changes in prominent RNAs or in identifying potential changes in protein isoforms. We used total cardiac RNA in the in vitro translation system, which includes both poly (A + ) and poly (A") RNA species. Any changes in expression of the TPs, therefore, cannot be accounted for by the loss of an individual RNA species during isolation and translation; however, a change in the translational efficiency of an individual RNA cannot be ruled out. 28 -32 Total RNA was isolated from ventricles that included both myocytic and nonmyocytic cells. Consequently, it is impossible to say from which cell type any single RNA was isolated; however, since the light chain isoforms typical of cardiac tissue and the predominance of the actin isoforms did not change between control and hypertrophied hearts, we conclude that most of the RNA that can be measured by this technique is of myocytic origin. We saw over 700 different translation products, of which 18 were quantitated. Of those quantitated, we failed to find a difference between the sham and AS rat groups for 10 TPs; however, eight other TPs significantly changed with the induction of hypertrophy. TPs 18, 22, 23, and 28 all increased in predominance with the induction of hypertrophy. TPs 27, 39, 41 b , and 75 all decreased with cardiac hypertrophy. We feel that these eight TPs represent specific changes in gene expression and provide evidence for the differential expression of these RNAs with the induction of pressure overloadstimulated cardiac hypertrophy.
TP28 (pi 5.94) increased concurrently with the decrease in TP27 (pi 6.03). Since glycosylation and methylation do not occur in vitro and because phosphorylation could not explain this shift in both pi and molecular weight, we feel that TP28 may represent an isoform of TP27. It is also possible that TP27 results from early termination of the in vitro translational products in the rabbit reticulocyte lysate system, but we feel this is unlikely because this change appears to be pressure-overload specific and does not occur in other models that we have tested. 12 -33 Alternatively, TP28 may represent the product of an entirely new message. TPs 18, 22, and 23 comigrate with in vitro translation products obtained from the atrium of spontaneously hypertensive rats (SHR) and not from the ventricles of either SHRs or Wistar-Kyoto rats (K.R. Boheler and W.H. Dillmann, unpublished observations). Since it has been shown that atrial natriuretic factor increases in pressure-overloaded ventricles (personal communication with Ketty Schwartz), we wished to determine if one of these TPs might represent a precursor for atrial natriuretic factor. Yamanaka et al 34 have described hybrid-selected precursor RNA for atrial natriuretic factor that, when translated and separated by twodimensional gel electrophoresis, gave three proteins with molecular weights of 16,500-18,500. Although the pi for these products was not given, TP18 appears to migrate in the same region of the gel. Based on these observations we believe that TP18 may represent a precursor for atrial natriuretic factor. Finally, to ensure that none of these prod-ucts are related to heat-shock proteins (HSP), cardiac RNAs obtained from heat-shocked rats were translated in vitro (data not shown). The location of HSP71, which has been shown to rapidly increase after ascending aortic constriction, 35 is shown in Figure 2 . We could not demonstrate any change in expression of HSP71 after 8 days of subdiaphragmatic aortic constriction, and TPs 22 and 23 do not comigrate with any of the low molecular-weight HSPs. Even though we are unable to identify these translation products, their dramatic increase in expression implies an essential role in the development or maintenance of cardiac hypertrophy.
Translation product 41 b represents a single isoform of CK-M that we have termed CK-M b . Quantitation of total CK-M shows a decrease of 27%; however, upon analysis of the different CK-M isoforms, we find the altered expression of only CK-M b , which decreases by 39.4% relative to sham rats. This specific change is only seen in hypertrophied ventri-cles of rats undergoing cardiac hypertrophy secondary to an acute pressure overload, and has not been reported in either hypothyroid or diabetic rats. 12 -33 Isoelectric microheterogeneity for CK-M has been described both in vitro and in vivo. 10 -36 It is currently unclear what accounts for these two TPs but several explanations, including posttranslational modification or differential translation of a single mRNA, are possible. Benfield et al 37 suggested that this microheterogeneity was not due to posttranslational modifications and might represent multiple homologous mRNAs. Because we have run twodimensional gels of in vitro TPs from hypothyroid rats, diabetic rats, and hypothyroid rats with aortic stenosis using the same rabbit reticulocyte lysate (data not shown) and have not seen a specific switch in predominance of CK-M, and CK-M b , we also feel that the changes seen are not due to posttranslational modifications endogenous to the reticulocyte lysate.
Alternatively, this microheterogeneity could arise from different genes or alternative splicing. Jaynes et al 38 postulates that the CK-M mRNA arises from a single transcription unit covering 11 kilobases and 7 introns. While their results are convincing, they are not conclusive. Also, since exons of six nucleotides and smaller have been described, 39 it is possible that multiple mRNAs could arise from alternative splicing.
The implications of our findings are unclear. We have demonstrated the altered expression of eight TPs with cardiac hypertrophy. One may be a precursor for atrial natriuretic factor while another is certainly a form of creatine kinase. It can be hypothesized that changes in the expression of these differentially expressed RNAs may have an essential adaptational role in the development of cardiac hypertrophy; however, the fact remains that over 98% of the predominant cardiac RNAs do not change in relative predominance with cardiac hypertrophy. This leads us to conclude that cardiac growth following a pressure overload is effectively an amplification of existing mechanisms for RNA and protein accumulation.
